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A method is proposed for estimating the zero-pressure parameters of the high-pressure, 
high-temperature phases formed by intense shock loading of rocks and minerals. The method 
involves an empirical relationship between the zero-pressure mean molar volume and the 
slope at the base of the p:..y curve. Equations of state are fitted to shock-wave data for 
eighteen rocks and minerals. Most of the materials collapsed to a denser phase or assemblage 
of phases when shocked to sufficiently high pressure. If a phase change occurs, parameters of 
the high-pressure phase are found for a range of po from both the raw Hugoniot and an esti-
mated metastable Hugoniot. The polymorphic transitions involve a considerable reduction in 
volume, ranging from 33 to 49% for feldspar and quartz-rich rocks such as albitite, anorthosite, 
and granite, 20% for such basic rocks as diabase and dunite, and about 12% for some dense 
already closely packed minerals such as spinel, hematite, and magnetite. The parameter 
(dK/dP) 0 , which is related to the Griineisen ratio, is found to decrease across phase changes 
and upon iron substitution. 
lNTHODUCTION 
Shock-wave data are at present the only 
sources of information on the compressibility 
and polymorphism of silicates and oxides at 
pressures in excess of 300 kb. These data com-
plement the lower pressure ultrasonic and X-ray 
diffraction data and the relatively low-pressure, 
high-temperature phase equilibria studies on 
silicates and analog compounds. 
Prior to the availability of shock-wave data, 
discussions of the composition and crystal struc-
ture of the deep mantle relied heavily on the 
extrapolation of low-pressure data by means of 
semi-empirical equations of state (mainly the 
equations of Birch and Murnaghan) and on 
the study of materials thought to be useful 
analogs of materials in the earth's mantle. It 
is now possible to make direct comparisons of 
seismic data with the density and compressi-
bility of a variety of materials tested with shock-
wave techniques. 
Most silicates that have been shocked to 
sufficiently high pressure undergo solid-solid 
1 Contribution 1515, Division of Geological Sci-
ences, California Institute of Technology, Pasa-
dena. 
phase changes, which supports conclusions based 
on the behavior of analog compounds [Birch, 
1952; Ringwood, 1966]. The behavior of these 
high-pressure phases as a function of temper-
ature and pressure and their zero-pressure 
properties can be extracted from the present 
shock-wave data only after a variety of as-
sumptions have been made. 
As a first step in any reduction scheme it is 
convenient to fit the raw shock-wave data with 
a simple equation of state. 
ANALYSIS 
We have fitted the raw Hugoniot data with 
the Birch-Murnaghan equation of state 
PH = (3Ko/2)[(p/ Po)713 - (p/ Po) 513 ] 
· { 1 - ~[(pf Po) 213 - l]} (1) 
where the adjustable parameters are K 0, the 
zero-pressure bulk modulus, and ~ which is 
% ( 4 - K'o) in which Ko' is the pressure de-
rivative of K at P = 0. As initially derived, 
equation 1 is an isothermal equation of state, 
but, as Clark [1959] has pointed out, it is also 
appropriate, with different K 0 and ~' for adia-
batic compression. It is also a useful two-
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parameter equation for fitting raw Hugoniot 
data. For most isothermal compression experi-
ments J~I < 0.5, with zero being its most 
frequent value [Birch, 1952]. 
The raw Hugoniot data have also been fitted 
to a Murnaghan equation of state 
PH = (Ko/n)[(p/ Pof - 1] (2) 
where Ko and n are the adjustable parameters. 
The parameter n is Ko', a number close to 4 for 
many elements and compounds. .This form of 
the Murnaghan equation of state is based on 
the assumption that the bulk modulus is a 
linear function of pressure. 
A third equation of state that has been used 
to fit Hugoniot data is the linear U,-Up equa-
tion [McQueen et al., 1967a], which leads to 
PH = Kn[l - (Po/ p)] 
2 
( 3) [1 - X { 1 - (po/ p)}] 
This again is a two-parameter equation of 
state where Ko and .\ are the parameters to be 
found from the data. 
When the shocked material transforms at 
high pressure to a new phase, the zero-pressure 
density, po, of this new phase is usually not 
known. Thus, equations 1, 2, and 3 become 
three-parameter equations of state where Po · 
must also be determined by the shock-wave 
results. This places severe demands on avail-
able shock-wave data, considering the small 
number of points and the scatter in the high-
pressure regime. In some cases, the density of 
the presumed high-pressure phase is known, 
e.g. stishovite, in the case of shocked quartz. 
In most other cases, the shock-wave data are 
the only direct information on the properties 
of the high-pressure phase. 
Our approach will be to fit the Hugoniot data 
with several values for po. In most cases, an 
equally good fit can be obtained for a fairly 
wide range of initial densities, indicating that 
this parameter cannot be determined with any 
precision directly from the data. In a later 
section we will invoke an .empirical relation-
ship between Ko and Po to decide which pa 
value is most appropriate. 
An analytic expression for the raw Hugoniot 
data facilitates the reduction of these data to 
metastable Hugoniots, adiabats, and isotherms. 
For example, the difference in pressure at a 
given p/ Po between the raw Hugoniot data, 
with the low-density phase as starting mate-
rial, Stnd the metastable Hugoniot, with the 
high-pressure phase as the starting material, is 
[McQueen et al., 1963] 
'1.P = p"f(xP - 2pb '1.Eo) (4) 
Pb(2 + 'Y) - P'Y 
where x is the relative difference in density 
between the zero-pressure densities of the high-
and low-pressure phases (pb - p.)/p .. , y is the 
Grlineisen ratio of the high-pressure phase, 
A.Ea is the difference in formation energy, and 
p is the density at pressure P on the raw Hug-
oniot. There is a similar offset of the Hugoniot 
from the corresponding hydrostat due to one-
dimensional strength effects. 
EQUATION OF STATE PARAMETERS 
Most of the shock-wave data used in the 
present analysis were supplied in preprint form 
by Robert G. McQueen and represent work 
done at Los Alamos by R. G. McQueen, S. P. 
Marsh, and F. N. Fritz. Some have subse-
quently been published by M cQueen et al. 
[1967a] and Birch [Clark, 1966]. The reader 
is referred to these two sources for tabulations 
of the original data. 
All the materials tested except MgO, AI.O., 
Mn02, and possibly eclogite, underwent phase 
changes at high pressure. The parameters in 
Table 1 and 2 refer to the high-pressure phase. 
· A starting density po is assigned, and the Birch-
Murnaghan parameters Ko and ~ are found by· 
a straightforward least-squares fit to the raw 
Hugoniot data; these values are tabulated in 
columns 2 and 4 of Table I. The Grlineisen 
ratio, at zero pressure, of the high-pressure 
phase is determined with Slater's assumption 
Yo = (11 - 4~)/6. The Murnaghan param-
eters <Po = (Ko/po) and n = (dK/dP) 0, repre-
senting a least-squares fit of equation 2 to the 
data for an assigned po, are given in Table 2. 
The parameters i/!o and if!o' will be discussed 
later. The last column in Table 2 gives the pres-
sure range over which the data were obtained. 
The relative standard deviation of the com-
puted and measured densities is always less 
than 1% and is usually less than 0.5%. There 
is very little difference in the goodness-of fit over 
the adopted range of po. For example, the best 
fit Murnaghan equation to the iron-rich dunite 
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TABLE 1. Birch-Murnaghan Parameters for High-Pressure Hugoniot Data 
Std. 
<Po, Dev., 
Material Po, g/cm3 Ko, Mb km2/sec2 ~ 1'o aK/aP Mb ..Po ..Po' 
Raw Hugoniot 
Albitite 3.40 0.807 23.75 -2.19 3.29 6.92 0.03662 0.0580 0.0242 
Sample density 3.50 1.118 31.95 -1.32 2.71 5.76 0.03631 0.0541 0.0227 
= 2.61 g/cms 3.60 1.522 42.29 -0.55 2.20 4.73 0.03587 0.0507 0.0214 
JiiI = 20.4 grams . 3.70 2.055 55.54 0.19 1. 71 3.75 0.03530 0.0475 0.0202 
tlE0 = 0.007 X 109 3.80 2.770 72.88 0.95 1.2 2.73 0.03471 0.0446 0.0190 
ergR/g 
Metastable H ugoniot 
3.40 0.861 25.34 -0.82 2.38 5.10 0.03653 0.0568 0.0238 
3.50 1.123 32.08 -0.26 2.01 4.34 0.03614 0.0540 0.0227 
3.60 1.457 40.46 0.30 1.63 3.60 0.03564 0.0514 0.0217 
3.70 1.891 51.10 0.89 1.24 2.81 0.03505 0.0489 0.0207 
3.80 2.467 64.93 1.56 0.80 1.92 0.03456 0.0464 0.0196 
Raw Hugoniot 
Anorthosite 3.40 0.948 27.88 -0.81 2.37 5.08 0.04142 0.0534 0.0225 
Sample density 3.50 1.252 35.76 -0.27 2.01 4.36 0.04154 0.0506 0:0214 
_= 2.74 g/cm3 3.60 1.643 45.64 0.27 1.65 3.64 0.04200 0.0480 0.0203 
M = 21.0 grams 3.70 2.155 58.23 0.83 1.28 2.90 0.04333 0.0455 0.0193 
tlEo = 0.007 X 109 
ergs/g 
Metastable Hugoniot 
3.40 0.994 29.23 -0.01 1.84 4.01 0.04153 0.0526 0.0222 
3.50 1.257 35.93 0.41 1.56 3.45 0.04176 0.0505 0.0213 
3.60 1.591 44.20 0.86 1.26 2.86 0.04249 0.0485 0.0205 
3.70 2.020 54.61 1.34 0.94 2.21 0.04439 0.0464 0.0197 
Raw Hugoniot 
Bronzitite (Stillwater) 3.30 0.876 26.54 -0.09 1.89 4.12 0.02374 0.0535 0.0227 
Sample density 3.40 1.073 31.57 0.14 1.74 3.82 0.02353 0.0520 0.0220 
_= 3.28 g/cm3 3.50 1.313 37.51 0.37 1.59 3.51 0.02330 0.0505 0.0214 
M = 20.7 grams 3.60 1.604 44.55 0.61 1.42 3.18 0.02306 0.0491 0.0208 
tlEo = 0.0016 X 109 3.70 1.960 52.97 0.88 1.24 2.82 0.02286 0.0476 0.0201 
ergs/g 3.80 2.399 63.14 1.19 1.04 2.42 0.02282 0.0461 0.0195 
Metastable Hugoniot 
3.30 0.896 27.15 -0.04 1.86 4.05 0.02371 0.0530 0.0225 
3.40 1.083 31.87 0.24 1.68 3.68 0.02352 0.0518 0.0220 
3.50 1.303 37.22 0.50 1.50 3.34 0.02328 0.0506 0.0214 
3.60 1.563 43.41 0.76 1.33 2.99 0.02304 0.0495 0.0209 
3.70 1.874 50.66 1.04 1.14 2.61 0.02284 0.0483 0.0204 
3.80 2.254 59.30 1.34 0.94 2.21 0.02283 0.0471 0.0199 
Raw Hugoniot 
Corundum (ceramic) 3.80 1.634 43.00 -1.36 2.74 5.81 0.01634 0.0532 0.0221 
Sample density 3.85 1.914 49.71 -0.91 2.44 5.21 0.01731 0.0513 0.0214 
_= 3.83 g/cm3 3.90 2.235 57 .31 -0.48 2.16 4.64 0.01916 0.0496 0.0207 
M = 20.4 grams 3.95 2.605 65.96 -0.07 . 1.88 4.09 0.02224 0.0479 0.0201 
tlEo = 0.0 X 109 
ergs/g 
Raw Hugoniot 
Diabase (Centreville) 3.40 0.841 24.7.5 -0.61 2.24 4.81 0.03073 0.0535 0.0224 
Sample density 3.50 1.080 30.85 -0.20 1.97 4.27 0.03064 0.0512 0.0215 
= 2.98 g/cms 3.60 1.379 38.32 0.20 1. 70 3.73 0.03084 0.0490 0.0206 
M = 21.8 grams 3.70 1.760 47.57 0.62 1.42 3.18 0.03178 0.0468 0.0197 
tlE0 = 0.004 X 109 3.80 2.250 59.20 1.07 1.12 2.57 0.03437 0.0447 0.0189 
ergs/g 
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TABLE 1. (continued) 
Std. 
lf>o, Dev., 
Material po, g/cm3 Ko, Mb km2/sec2 ~ 'YO aK/aP Mb if;o f o' 
Metastable H ugoniot 
3.40 0.870 25.58 -0.12 1.92 4.16 0.03079 0.0529 0.0222 
3.50 1.082 30.91 0.24 1.68 3.69 0.03073 0.0512 0.0215 
3.60 1.343 37.30 0.60 1.44 3.20 0.03106 0.0494 0.0208 
3.70 1.668 45.09 0.98 1.18 2.70 0.03231 0.0477 0.0200 
3.80 2.081 54.77 1.40 0.90 2.14 0.03555 0.0459 0.0193 
Raw Hugoniot 
Diabase (Frederick) 3.30 0.693 21.00 -0.78 2.36· 5.05 0.02492 0.0556 0.0233 
Sample density 3.40 0.891 26.19 -0.39 2.09 4.52 0.02640 0.0533 0.0224 
= 3.01 g/cm3 3.50 1.138 32.52 -0.00 1.84 4.00 0.02863 0.0510 0.0215 
M = 21.5 grams 3.60 1.450 40.28 0.39 1.57 3.48 0.03201 0.0489 0.0206 
D.Eo = 0.005 X 10 9 3.70 1.847 49.93 0.81 1.30 2.92 0.03722 0.0467 0.0197 
ergs/g 
Metastable Hugoniot 
3.30 0.753 22.81 -0.28 2.02 4.38 0.02552 0.0541 0.0228 
3.40 0.937 27.56 0.07 1. 79 3.90 0.02724 0.0524 0.0220 
3.50 1.161 33.19 0.42 1.55 3.44 0.02984 0.0507 0.0213 
3.60 1.438 39.95 0.78 1.32 2.96 0.03378 0.0490 0.0206 
3.70 1.784 48.23 1.16 1.06 2.45 0.03977 0.0473 0.0199 
Raw Hugoniot 
I 
Dunite 3.75 1.358 36.21 -1:.24 2.66 5.65 0.03148 0.0535 0.0222 
(Twin Sisters Mt.) 3.85 1. 770 45.96 -0.65 2.27 4.87 0.03157 0.0507 0.0211 
Sample density 3.95 2.289 57.95 -0.09 1.89 4.11 0.03171 0.0482 0.0201 
= 3.32 g/cm3 4.05 2.950 72.84 0.49 1.51 3.35 0.03194 0.0457 0.0191 
.M = 21.2 grams 
D.Eo = 0.007 X 109 
ergs/g 
Metastable Hugoniot 
3.75 1.447 38.58 -0.59 2.23 4.78 0.03151 0.0524 0.0218 
3.85 1.824 47.39 -0.09 1.89 4.12 0.03162 0.0502 0.0209 
3.95 2.291 58.00 0.40 1.57 3.46 0.03179 0.0481 0.0201 
4.05 2.875 71.00 0.92 1.22 2.78 0.03206 0.0461 0.0193 
Raw Hugoniot 
Dunite (iron rich) 4.40 1.746 39.69 -0.31 2.04 4.42 0.04736 0.0514 0.0204 
Sample density 4.50 2.154 47.88 0.10 1.77 3.87 0.04727 0.0494 0.0197 
= 3.80 g/cm3 4.60 2.653 57.67 0.51 1.49 3.32 0.04720 0.0474 0.0189 
M = 25.1 grams 4.70 3.268 69.53 0.96 1.20 2.73 0.04717 0.0455 0.0182 
D.Eo = 0.003 X 109 
ergs/g 
Metastable Hugoniot 
4.40 1.714 38.95 0.07 1. 79 3.91 0.04734 0.0517 0.0205 
4.50 2.070 46.01 0.44 1.54 3.41 0.04725 0.0500 0.0199 
4.60 2.500 54.36 0.8q 1.28 2.89 0.04718 0.0484 0.0193 
4.70 3;025 64.35 1.25 1.00 2.33 0.04719 0.0467 0.0186 
Raw Hugoniot 
Eclogite 3.40 1.057 31.09 0.21 1.69 3.72 0.02947 0.0485 0.0205 
Sample density 3.45 1.174 34.02 0.34 1.61 3.55 0.02957 0.0478 0.0202 
= 3.56 g/cm3 3.50 1.302 37.21 0.47 1.52 3.38 0.02976 0.0470 0.0199 
M = 22.3 grams 3.55 1.445' 40.71 0.60 1.43 3.20 0.03007 0,.0463 0.0196 
D.Eo = 0.0 X 109 3.60 1.604 44.55 0.74 1.34. 3.02 0.03005 0.0455 0.0193 
ergs/g 3.65 1.780 48.78 0.88 1.24 2.82 0.03126 0.0448 0.0190 
SHOCK-WAVE EQUATIONS OF STATE 6481 
TABLE 1. (continued) 
Std. 
<Po, Dev., 
Material Po, g/cm3 Ko, Mb km2/sec2 ~ ('O aK/aP Mb >./;o f o' 
Raw Hugoniot 
Fayalite 4.80 1.537 32.03 0.20 1. 70 3.73 0.04473 0.0519 0.0199 
Sample density 4.90. 1.812 36.98 0.45 1.54 3.40 0.04434 0.0505 0.0194 
= 4.28 g/cm3 5.00 2.136 42.71 0.71 1.36 3.06 0.04386 0.0491 0.0189 
M = 29.11 grams 5.10 2.519 49.40 0.98 1.18 2.69 0.04331 0.0478 0.0184 
AE o = 0.006 X 109 5.20 2.978 57.26 1.28 0.98 2.29 0.04268 0.0464 0.0178 
ergs/g 
Metastable Hugoniot 
4.80 1.610 33.55 0.55 1.47 3.27 0.04444 0.0511 0.0197 
4.90 1.862 37.98 0.78 1.31 2.96 0.04401 0.0501 0.0193 
5.00 2.152 43.05 1.02 1.1.5 2.64 0.04351 0.0490 0.0188 
fi.10 2.494 48.90 1.29 0.98 2.28 0.04294 0.0479 0.0184 
5.20 2.898 55.73 1.58 0.78 1.90 0.04233 0.0468 0.0180 
Raw Hugoniot 
Forsterite (ceramic) 3.90 1.585 40.64 -1.52 2.85 6.03 0.03177 0.0564 0.0232 
Sample density 4.00 2.125 53.11 -0.71 2.31 4.95 0.03179 0.0529 0.0219 
= 3.05 g/cm3 4.10 2.824 68.87. 0.06 1. 79 3.92 0.03182 0.0497 0.0206 
M = 20.10 grams 4.20 3.745 89.16 0.85 1.27 2.86 0.03188 0.0468 0.0195 
AEo = 0.008 X 109 
ergs/g 
Metastable H ugoniot 
3.90 1.619 41.51 -0.51 2.17 4.68 0.03177 0.0560 0.0231 
4.00 2.081 52.04 0.11 1. 76 3.86 0.03179 0.0534 0.0220 
4.10 2.672 65.17 0.74 1.34 3.01 0.03183 0.0507 0.0210 
4.20 3.441 81.93 1.44 0.87 2.08 0.03193 0.0480 0.0200 
Raw Hugoniot 
Granite 3.70 1.381 37.34 -1.42 2.78 5.89 0.03819 0.0537 0.0224 
Sample density 3.80 1.915 50.39 -0.46 2.14 4.62 0.03705 0.0499 0.0209 
= 2.63 g/cm3 3.90 2.634 67.55 0.46 1.53 3.39 0.03540 0.0465 0.0196 
M = 20.60 grams 4.00 3.630 90.75 1.43 0.88 2.10 0.03335 0.0432 0.0183 
AEo = 0.006 X 109 
ergs/g 
Metastable Hugoniot 
3.70 1.318 35.63 -0.32 2.0!) 4.43 0.03790 0.0546 0.0227 
3.80 1. 746 45.96 0.40 1.57 3.47 0.03655 0.0515 0.0215 
3.90 2.318 59.45 1.16 1.06 2.45 0.03474 0.0485 0.0203 
4.00 3.105 77.61 2.04 0.48 1.29 0.03276 0.0455 0.0192 
Raw Hugoniot 
Hematite 5.50 2.122 38.58 0.38 1.58 3.50 0.03235 0.0510 0.0190 
Sample density 5.60 2.443 43.62 0.59 1.44 3.22 0.03264 0.0498 0.0185 
= 5.00 g/cm 5.70 2.812 49.34 0.81 1.30 2.93 0.03301 0.0487 0.0181 
M = 31.94 grams 5.80 3.241 55.88 1.04 1.14 2.61 0.03348 0.0475 0.0177 
AEo = 0.006 X 109 5.90 3.740 63.39 1.30 0.97 2.27 0.03411 0.0463 0.0173 
ergs/g 
Metastable H ugoniot 
5.50 2.209 40.16 0.65 1.40 3.13 0.03256 0.0503 0.0188 
5.60 2.503 44.70 0.86 1.26 2.86 0.03289 0.0494 0.0184 
5.70 2.839 49.80 1.07 1.12 2.57 0.03331 0.0485 0.0181 
5.80 3.223 55.57 1.30 0.97 2.27 0.03386 0.0476 0.0177 
5.90 3.667 62.16 1.55 0.80 1.94 0.03459 0.0466 0.0174 
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TABLE 1. (continued) 
Std. 
cl>o, . Dev., 
Material Po, g/cm3 Ko, Mb km2/sec2 t 'Yo aK/aP Mb 1/lo 1/lo' 
Raw Hugoniot 
Magnetite 5.50 1.503 27.33 -0.32 2.05 4.43 0.05549 0.0552 0.0202 
Sample density 5.60 1.759 31.41 -0.05 1.87 4.07 0.05558 0.0537 0.0197 
= 5.12 g/cma 5.70 2.055 36.06 0.22 1.69 3.71 0.05574 0.0522 0.0192 
M = 33.08 grams 5.80 2.401 41.39 0.50 1.50 3.34 0.05600 0.0507 0.0186 
D..Eo = 0.004 X 109 5.90 2.805 47.54 0.79 1.31 2.95 0.05643 0.0492 0.0181 
ergs/g 6.00 3·.281 54.69 1.10 1.10 2.54 0.05713 0.0478 0.0176 
Metastable Hugoniot 
5.50 1.583 28.78 0.01 1.83 3.99 0.05554 0.0543 0.0199 
5.60 1.822 32.54 0.26 1.66 3.65 0.05567 0.0530 0.0195 
5.70 2.096 36.78 0.52 1.49 3.31 0.05587 0.0518 0.0190 
5.80 2.411 41.57 0.79 1.31 2.95 0.05619 0.0506 0.0186 
5.90 2.776 47.04 1.07 1.12 2.58 0.05672 0.0494 0.0182 
6.00 3.201 53.35 1.36 0.93 2.18 0.05758 0.0482 0.0177 
Raw Hugoniot 
Periclase 3.58 1.685 47.05 -0.29 2.03 4.39 0.01274 0.0491 0.0209 
Sample density 3.63 1.950 53.72 0.03 1.81 3.95 0.01153 0.0476 0.0203 
= 3.58 g/cma 3.68 2.253 61.21 0.35 1.60 3.53 0.01235 0.0462 0.0197 
M = 20.2 grams 
A.No = 0.0 X 109 
ergs/g 
Raw Hugoniot 
Pyrolucite 4.60 1.054 22.92 -0.48 2.15 4.63 0.07064 0.0559 0.0214 
Sample density 4.80 1.558 32.45 0.20 1.70 3.73 0.06808 0.0519 0.0199 
= 4.35 g/cma 5.00 2.286 45.72 0.88 1.24 2.82 0.06683 0.0483 0.0186 
M = 28.98 grams 
D..E o = 0.002 X 109 
ergs/g 
Metastable Hugoniot 
4.60 1.085 23.60 -0.23 1.99 4.31 0.07038 0.0553 0.0212 
4.80 1.550 32.30 0.43 1.54 3.42 0.06785 0.0520 0.0200 
5.00 2.202 44.05 1.10 1.10 2.54 0.06699 0.0489 0.0188 
Raw Hugoniot 
Spinel (ceramic) 3.70 1.293 34.94 -1.37 2.75 5.83 0.03391 0.0557 0.0231 
Sample density 3.80 1.695 44.60 -0.76 2.34 5.01 O.Q3420 0.0527 0.0220 
_= 3.42 g/cm3 3.90 2.203 56.48 -0.18 1.96 4.24 0.03466 0.0500 0.0209 
M = 20.32 grams 4.00 2.851 71.28 0.40 1.57 3.47 0.03541 0.0475 0.0199 
D..Eo = 0.006 X 109 
ergs/g 
Metastable Hugoniot 
3.70 1.387 37.48 -0.83 2.39 5.11 0.03403 0.0544 0.0227 
3.80 1.765 46.46 -0.29 2.03 4.38 0.03435 0.0520 0.0217 
3.90 2.233 57.25 0.24 1.68 3.69 0.03488 0.0498 0.0208 
4.00 2.818 70.45 0.77 1.32 2.97 0.03572 0.0477 0.0200 
Raw Hugoniot 
Stishovite 3.70 1.032 27.90 -2.28 3.35 7.03 0.04915 0.0609 0.0250 
Sample density 3.80 1.448 38.10 -1.19 2.63 5.58 0.04884 0.0564 0.0233 
= 2.65 g/cma 3.90 1.998 51.22 -0.22 1.98 .4.29 0.04836 0.0524 0.0218 
M = 20.03 grams 4.00 2.739 68.47 0.74 1.34 3.01 0.04760 0.0488 0.0204 
D..Eo = 0.015 X 109 
ergs/g 
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TABLE 1. (continued) 
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il>o, 
Material Po, g/cm3 Ko, Mb km2/sec2 
Std. 
Dev., 
'Yo aK/aP Mb 
Metastable Hugoniot 
3.70 1.222 33.04 
3.80 1.587 41. 77 
3.90 2.063 52.89 
4.00 2.696 67.41 
Hugoniot data with a zero-pressure density of 
4.5 g/cm3 gives a relative standard deviation 
in density of 0.785%. For an initial density 
for the high-pressure phase of 4.7 g/cm3, the 
best fit Murnaghan equation has a relative 
standard deviation of 0.782%. Comparable re-
sults are found for all the materials tested. As 
far as providing an adequate fit to the experi-
mental data, any of the combinations of po, 
Ko, and ~ or n can be considered equally satis-
factory. However, quite different results would 
be obtained upon extrapolation of differentiation. 
Note that ~ increases and n decreases as the 
trial Po is increased. 
Table 3 gives an example for two starting 
densities of the computed versus the measured 
parameters as a function of pressure for the 
Twin-Sisters dunite. The measured compression 
(V /Vo), density p, and pressure P are given 
in the first three columns. The pressure P. at 
corresponding compressions determined from 
the best fit Birch-Murnaghan equation with 
p0 = 3.90 g/cm3 is given in the fourth column. 
The standard deviation in pressure is 28.5 kb 
or 3.10%. The slope of the fitted Hugoniot 
(dP/dp) = <I> is given in column five. The 
parameters of the best fit Birch-Murnaghan 
equation with po = 3.90 g/cm3 are g = +0.37 
and <I>0 = 51.6 (km/sec)". The corresponding 
parameters with Po = 4.00 g/cm3 are g = +0.20 
and <I>o = 65.0 (km/sec) 2 • The computed pres-
sures for this case are within 1 or 2 kb of the 
values computed previously, and the standard 
deviation is 28.7 kb or 3.12%. The slope of the 
Hugoniot, as a function of pressure, is very 
similar for these two cases. The density and <I> 
as a function of pressure computed from the 
best fit Murnaghan equation for these two 
· densities are given in the last four columns. 
Again, the fits are equally satisfactory for both 
-0.27 2.01 4.36 0.04877 0.0576 0.0239 
0.35 1.60 3.53 0.04833 0.0547 0.0227 
1.02 1.15 2.64 0.0477 0.0519 0.0216 
1. 78 0.65 1.63 0.04674 0.0491 0.0205 
starting densities. Note that the <I> are 4 to 
10% higher than the values given by the Birch-
Murnaghan equation, which indicates that some 
care must be taken when comparing seismic 
velocities with shock-wave results. McQueen 
et al. [1967a] give an equation for determining 
the adiabatic bulk sound velocity from the 
slope of the Hugoniot. 
ESTIMATION oF METASTABLE HuGoNIOT 
McQueen et al. [1963] presented a method 
for correcting observed Hugoniot data of a 
high-pressure phase to the Hugoniot that would 
result if the high-density phase were the (meta-
stable) starting material. As formulated by 
McQueen et al., the correction involves the 
Griineisen ratio y at high pressure, the tran-
sition pressure P1, and the difference of forma-
tion energy of the high-pressure and low-pres-
sure polymorphs t::..Eo (see equation 4). M cQueen 
et al. [1967a] applied this technique in an 
elaborate. study of twelve rocks of geophysical 
interest. In previous sections, we have fitted 
Birch-Murnaghan and Murnaghan equations of 
state to raw Hugoniot data, uncorrected for the 
effects of strength, phase changes, and temper-
ature. 
In this section we estimate the offset of the 
metastable from the raw Hugoniot curve and 
fit the Birch-Murnaghan equation of state to 
these corrected data. 
The difference of the formation energy t::..E0 
has been estimated from the transition pres-
sures and density changes at the transition read 
from the raw data; y of the high-pressure 
phase was arbitrarily taken as unity. The change 
in entropy at the transition has been ignored. 
The results are not very sensitive, however, to 
t::..Eo. A complete discussion of more accurate 
reduction techniques are given by M cQueen 
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TABLE 2. Murnaghan Parameters for High-Pressure Raw Hugoniot Data 
Unless otherwise noted the data are from McQueen et al. [1967a, b], R. G. McQueen (personal communica-
tion), and Clark [1966]. 
Po, <Po, n = i/;o = 
Material g/cm3 km2/sec2 (dK/dP)o (po/M)<Po-1/3 P,Mb 
Dunite (Twin Sisters) 3.65 29.1 5.37 0.0560 0. 73-1.12 
3.90 49.5 4.42 0.0501 
4.00 62.0 3.83 0.0477 
4.045 68.8 3.51 0.0466 
Dunite (iron rich) 4.50 44.6 4.04 0.0506 0.65-1.19 
~.60 54.0 3.50 0.0485 
4.63 6 58.0 3.28 0.0477 
4.70 66.0 2.82 0.0463 
Diabase (Centreville) 3.40 25.7 4.12 0.0528 0.36-1. 02 
3.50 31.6 3.75 0.0508 
Diabase (Frederick) 3.40 28.5 3.70 . 0.0518 0 .33-1. 03 
3.50 34.8 3.30 0.0499 
Forsterite (Ceramic) 3.33 11.3 6.80 0.0738 0.66-1.04 
3.854 36.6 5.55 0.0578 
3.90 40.7 5.34 0 .. 0564 . 
4.00 51.8 4.77 0.0534 
4.10 66.5 4.00 0.0503 
Fayalite 4.73 28.3 3.70 0.0533 0. 58-1.14 
4.80 31.4 3.49 0.0522 
5.00 42.4 2.75 0.0493 
Spinel 3.60 29.3 5.26 0.0575 0.68-1.16 
3.80 44.7 4.55 0.0527 
3.864 51.4 4.23 0.0511 
3.90 55.6 4.05 0.0503 
Magnetite 5.40 23.7 4.30 0.0568 0. 62-1.31 
5.444 25.1 4.22 0.0562 
5.50 27.0 4.09 0.0554 
5.70 35.2 3.53 0.0526 
5.90 46.6 2.75 0.0496 
6.10 62.7 1.64 0.0464 
Hematite 5.50 39.3 3.07 0.0506 0.90-1.42 
5.70 50.3 2.44 0.0483 
6.00 
Ru tile 4.374 5.68 9.20 0.0921 1.03-1.24 
5.30 39.0 7.62 0.0484 
5.80 129.2 2.87 0.0431 
Periclase 3.62 49.2 3.65 0.0489 0.3-2.6a 
3.45 50.6 2.92 0.0462 
3.62 51.8 3.06 0.0481 
3.577 51.1 3.27 0.0477 0-0.3d 
3.577 48.4 3.92 0.0486 0.2-1.26 
3.57 51.5 3.09 0.0475 
Pyrolucite 4.34 15.4 4.57 0.0602 0.18-1.20 
4.36 14.2 5.05 0.0621 
Stishovite 4.35 106.7 2.29 0.0458 0.6-2.oa 
4.35 110.0 1. 91 0.0453 d 
4.28 107.9 1.97 0.0449 
a Al'tshuler et al. [1965), Hugoniot. 
b Al'tshuler et al. [1965], 4000°K isotherm. 
c Al'tshuler et al. [1965], 0°K isotherm. 
d Perez-Albuerne and Drickamer [1965], isothermal compression. 
•Isotherm, this paper. 
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TABLE 3. Example of Birch-Murnaghan and Murnaghan Fits to High-Pressure Phase of Twin Sister's 
Dunite 
po = 3.90, ~ = -0.37, n = 4.42; and po = 4.0, ~ = +0.20, n = 3.83 
Birch-Murnaghan Murnaghan 
Po = 3.90 po = 4.0 Po = 3.90 Po = 4.00 
p, P, Pc, cl>, Pc, 
V/Vo g/cm3 kb kb (km/sec)2 kb 
1.000 Po 0 0 51.6 0 
0.806 4.84 734 708 101.1 706 
0.801 4.87 730 739 102.8 738 
0.791 4.93 831 802 106.4 802 
0.783 4.98 832 856 109.4 856 
0.783 4.98 844 856 109.4 856 
0.778 5.01 844 889 111.3 889 
0.780 5.00 858 878 110.7 878 
0.778 5.01 857 889 111.3 889 
0.777 5.02 941 900 111.9 901 
0.775 5.03 940 911 112.5 912 
0.759 5.14 1007 1039 119.3 1039 
0.760 5.13 1070 1027 118.7 1027 
0.753 5.18 1063 1087 121.9 1086 
0.754 5.17 1068 1075 121.2 1074 
0.753 5.18 1123 1087 121.9 1086 
Standard deviation 28.5 28.7 
3.103 3.123 
et al. [l967a] and Ahrens et al. [1968]. Pre-
liminary results were given b.y Anderson and 
Ahrens [1968]. The present paper simply 
investigates the difference in the inferred zero-
pressure properties when corrected, rather than 
raw, Hugoniot data are used. 
In Figures 2 through 18 the region marked 
PH is the range of metastable Hugoniots that 
corresponds to the indicated range of assumed 
zero-pressure densities (the heavy bar above 
the zero-pressure axis). In some of the figures, 
the points on the metastable Hugoniot calcu-
lated by McQueen et al. [l967a] are shown by 
horizontal bars or crosses. The heavy bar below 
the zero-pressure axis is the range of po deter-
mined by McQueen et al. [l967a]. The crosses 
indicate the zero-pressure densities found in the 
present paper. 
The regions on these figures marked PK are 
0°K isotherms computed by integrating the 
Mie-Griineisen equation of state (see, for exam-
ple, Takeuchi and Kanamori [1966]. The as-
sumed vibrational energy Eiio for each material 
is noted in the legend. The results are not 
very sensitive to the value of EHo· Again, the 
q,, Pc, cl>, Pei cl>, 
(km/sec)2 g/cm3 (km/sec)2 g/cm3 (km/sec)2 
65.0 3.90 49.5 4.00 62.0 
103.6 4.87 106.3 4.88 108.6 
105.0 4.87 106.0 4.87 108.3 
107.9 4.96 113.0 4.96 114.1 
110.3 4.96 113.1 4.96 114.2 
110.3 4.97 113.9 4.97 114.9 
111.7 4.97 113.9 4.97 114.9 
111.2 4.99 114.9 4.99 115.7 
111. 7 4.99 114.8 4.98 115.6 
112.2 5.06 120.5 5.06 120.4 
112.7 5.06 120.5 5.06 120.3 
117 .9 5.11 125.0 5.11 124.0 
117 .5 5.16 129.2 5.16 127.5 
119.9 5.15 128.7 5.15 127.1 
119.4 5.16 129.0 5.16 127.4 
119.9 5.20 132.7 5.20 130.4 
0.0245 0.0247 
0.4883 0.4913 
range indicated corresponds to the range of 
initial densities. 
ZERO-PRESSURE PROPERTIES OF 
HIGH-PRESSURE PHASES 
A wide range of zero-pressure densities and 
compressibilities satisfy the high-pressure shock-
wave data equally well. The range can be con-
siderably narrowed by invoking such physical 
or intuitive constraints as: (1) The density of 
the high-pressure phase should be greater than 
the density of the low-pressure phase; (2) the 
bulk modulus of the high-pressure phase should 
be greater than the low-pressure phase; (3) the 
pressure derivative of the bulk modulus is 
probably less for the more closely packed phase; 
( 4) the bulk modulus probably increases with 
pressure at sufficiently high pressure. Some of 
these conditions may be violated, particularly 
if the high-pressure transformation has not 
gone to completion. 
We invoke the seismic equation of state 
[Anderson, 1967], an empirical relationship 
between the zero-pressure density p0, the mean 
atomic weight M, and the slope, at zero pressure, 
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of the density-pressure curve <Po = (8P/8p)o. 
A least-squares fit to the ultrasonic data of 
thirty-one minerals and oxides with mean atomic 
weights between 18.6 and 33.1 yielded 
sitions most pertinent to the majority of the 
shock-wave data. The equation of this line is 
Po/ JI = 0.047 5<I>0 113 (6) 
Pol M = 0.048<I>o0 ' 323 (5) for convenience we define 
Alternatively, since <I> = K/ p, where K is the 
bulk modulus, 
(Ko/ Po) '"'-' (po/ M) 3 · 1 
Figure 1 shows the experimental data that 
lead to this equation of state. Also shown are 
the recent X-ray results of Mao [1967]; these 
values are, of course, measurements of the iso-
thermal bulk modulus. For present purposes 
we ignore the slight difference between iso-
thermal and adiabatic moduli. The dashed curve 
is an alternative fit to the data. The slope of 
this line was taken for convenience as one-third, 
and its level was adjusted to fit the higher-
density, closely packed structures with compo-
i/lo = (Po/ M)(l/cI>o) 113 (7) 
Various other relations of p, M, and cI>o (or Ko) 
have also been investigated. Using a different 
set of data, we find . 
Po/ M = 0.020K00,28 
is also a good fit to ultrasonic data for rocks 
with mean atomic weights between 20.4 and 
24.3. For comparison purposes we tabulate 
1/101 = (po/M)Ko- 0 ' 28 
in Table 1. In general, when tfo is near 0.0475, 
if;o' is near 0.020. 
<P = ~ , (km/sec) 2 
-1.5 15 20 30 40 50 70 80 90 100 60 0.22 
0.20 
0.18 
eRutile 0.16 
Fe2Si04 (Spine!) p;'M 
0.1.4 
-2.0 
- ~0.323 pl M = 0.048 '%" 0.12 
'-------'--~L--'---''---'-----'~--'-----'~--'-----'~-'--'-~-'-_L~J.___L~J.___L~L-_L~L-~0.10 
2.5 3.0 3.5 4.0 4.5 
ln <P 
Fig. I. <Po = (dP/dp)o versus po/M for oxides and silicates. Data from Anderson (1967], Mao 
[1967], and Drickamer et al. [1966]. 
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Fig. 2. Pressure-density Hugoniot for MgO. PH is fitted Hugoniot; PK is derived isotherm. 
· The vibrational energy EHo used in the calculation of the isotherm is 1.3 x 109 ergs/g. 
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Fig. 3. Pressure-density Hugoniot for ceramic Al20s. The heavy horizontal bar on the 
zero-pressure axis is the range of po for which linear U,-Up fits have been obtained (Table 3). 
The cross is the zero-pressure density satisfying t/lo =: 0.0475. EHo is taken as 1.0 X 10° ergs/g. 
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concerned only with the high-pressure data. EHo = 109 ergs/g. 
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Fig. 6. Pressure-density Hugoniot for MgAl204 and derived metastable Hugoniot and 
isotherm (EHo = 1.3 X 109 erg01/g). Also shown are least-square fits to the high-pressure data 
of Murnaghan equations for two assumed starting densities. This illustrates the difficulty of 
finding fJ-0 from the shock-wave data alone. 
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Fig. 7. Pressure-density Hugoniot for FeaO• and derived metastable Hugoniot and isotherm. 
EHo = 109 ergO!fg. 
6490 ANDERSON AND KANAMORI 
Pyrolusite Mn02 
1.0 
"' '-0 
.Q 
0 
Cl 
Q) 
E 
q) 
'-
::::i 
"' 0.5 
"' Cl) 
'-
a.. 
Oo 0 
0 
0 
0 xx 
5 6 7 
Density, gm/cm 3 
Fig. 8. Pressure-density Hugoniot for MnO~ and derived Hugoniot and isotherm (EHo 
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Fig. 9. Pressure-density Hugoniot for ceramic MgJ;i04 and derived metastable Hugoniot and 
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Fig. 10. Pressure-density Hugoniot for Rockport fayalite and derived metastable Hugoniot 
and isotherm for indicated range of po. EHo = 10° ergs/g. 
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Fig. 11. Pressure-density Hugoniot for Twin Sisters dunite and derived metastable Hugoniot 
and isotherm for indicated range of po. The heavy bar below the P(O) axis is the range of po 
estimated by M cQueen et al. [1967]; the cross is the po estimated in this paper. Also shown 
are Birch-Mtirnaghan fits to the high-pressure data for two different po. The symbol (H) indi-
cates the range of metastable Hugoniots calculated by McQueen et al. [1967]. EHo = 1.3 X 10' 
ergs/g. 
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Fig. 16. Pressure-density Hugoniot for anorthosite. EHo = 1.5 X 10° ergs/g. 
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Table 4 gives M, po, <I>o, and i/;o for the low-
pressure phases of the materials used in the 
present study and for some other oxides and 
silicates. For the rocks the presence of pores 
and cracks complicates the interpretation of 
both the density and the <I>o and introduces a 
scatter into the (p/ M) - <I>o relationship. The 
parameter (po/M)<I>o-1 ' 3 is anomalously low for 
CaO and slightly lower for the CaO-rich rocks 
albitite, anorthosite, and diabase than it is for 
the remaining rocks. The eclogites are, however, 
also rich in CaO, but the Sunnmore, Norway, 
sample (M = 22.2) has a higher than average 
1/;o, whereas the Healdsburg, California, sample 
has a near normal value. We will adopt the value 
of i/;o = 0.0475 as being fairly representative 
and will assume that the zero-pressure properties 
of the high-pressur~ phases satisfy (6). An al-
ternative approach would be to assume that the 
relative changes in the density and <I> between 
the low-pressure and high-pressure forms of a 
given material are related by 
tlpa/ Po = 1/3(.tl<I>o/<I>o) (8) 
A third approach would be to adopt the 
M:urnaghan parameter n or the Birch-Murna-
ghan parameter ~ determined for, say, MgO, 
which does not undergo a phase change, and 
then to determine p0 and K 0 from the shock-
wave data. This method would be equivalent 
to the assumption that (dK/dP)o is a univer-
sal parameter. 
Table 5 summarizes the estimated zero-pres-
sure, high-temperature parameters of the shock 
induced high-pressure phases with the con-
straint that the density and cpo of the high-
pressure phases satisfy if;o = 0.0475. Tabulated, 
for comparison, are the densities that would 
result if the rocks were made of the pure oxides 
MgO, FeO, Al20., NaO, and Si02 (stishovite) .. 
This is simply a convenient high-pressure datum 
to which the densities of the high-pressure 
phases can be. referred. The densities of the 
oxide mixtures are appropriate for room tem-
perature conditions, and the estimated densi-
ties of the high-pressure phases are appropriate 
for temperatures of the order of 1000°K and 
greater. The individual materials will be dis-
cussed in the following sections. 
Except for eclogite, the inferred zero-pres-
sure densities and <I> of the high-pressure phases 
are greater than for the low-pressure phases. 
The higher-pressure data for the eclogite is 
probably in a mixed phase region. If eclogite 
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TABLE 4. Zero-Pressure Parameters of Low-
Pressure Phases 
Material 
Ultrasonic Results* 
Jadeite 20.2 3.33 41.1 0.0478 
Albitite 20.4 2.61 26.5 0.0429 
Granite 20.6 2.63 20.2 0.0468 
Bronzitite 20.7 3.30 34.2 0.0491 
Bronzitite 20.7 3.28 30.2 0.0509 
Anorthosite 21.0 2.72 30.7 0.0414 
Dunite 21.2 3.32 38.4 0.0464 
Diabase 21.5 3.01 26.6 0.0469 
Diabase 21.8 2.99 27.1 0.0456 
Eclogite 22.2 3.55 26.4 0.0535 
Eclogite 22.3 3.42 34.5 0.0471 
Dunite 25.1 3.79 32.8 0.0472 
UltrasiJnic Resultst 
AhOs 20.03 3.97 63.1 0.0498 
Mg0·2.61 Al20s§ 20.07 3.62 55.2 0.0473 
Mg2Si04 20.10 3.02 32.0 0.0473 
MgO 20.16 3.58 44.6 0.0501 
MgO 20.16 3.58 47.3 0.0491 
'Garnet' 23.79 4.16 42.2 0.0502 
ZnO 40.69 5.62 24.7 0.0474 
X-Ray Resultst 
MgO 20.16 3.58 49.7 0.0483 
Fe1. sMgo .• siO • § 27.31 4.60 43.1 0.0480 
Cao 28.04 3.35 33.5 0.0371 
Fe2Si04§ 29.11 4.85 43.1 0.0475 
Ni2SiO.§ 29.93 5.35 39.5 0.0525 
Fe20a 33.08 5.20 35.2 0.0480 
'FeO' 34.53 5.75 26.8 0.0556 
'FeO' 35.13 5.69 23.4 0.0566 
MnO 35.47 5.37 26.8 0.0504 
NiO 37.35 6.81 29.2 0.0592 
Cao 37.47 6.44 29.6 0.0556 
CdO 64.20 8.24 13.1 0.0545 
* Compiled by McQueen et al. [1967a], adiabatic 
cf>o. 
t Compiled by 0. L. Anderson (private com-
munication, 1967), isothermal <bo. 
t Drickamer et al. [1966] and Mao [1967], isother-
mal 'bo. 
§ Spinel structure. 
is ignored, the range of <I>o for the high-pres-
sure phases is 45 to 85, compared with the 
range of 14 to 40 for the open structure sili-
cates, and 31 to 63 for the low-pressure but 
closely packed oxides. 
The Murnaghan parameter n and the Birch-
Murnaghan parameter t for the high-pressure 
phases constrained by if;0 = 0.0475 can be esti-
mated from the results in Table 1. Both of these 
parameters are related to the pressure deriva-
tive of the bulk modulus at zero pressure 
n = (dK/dP) 0 
~ = 1/4[12 - 3(dK/dP)0 J 
and, with Slater's assumptions, to the Grii-
neisen ratio y 
n = 2')' + 1/3 
~ = 1/4[11 - 6')'] 
The Griineisen ratio is a small number that 
ranges roughly from 1 to 2. The range of the 
parameter n is therefore about 2.3 to 4.3 and 
the range of t is about -0.25 to +1.25. 
Estimates of Ko, t, n, y, and <I>o from the 
present work and from ultrasonic and X-ray 
measurements are given in Table 6. The data 
are of variable quality, but several trends seem 
to have been established. The related param-
eters n, ~. and y seem to depend both on com-
position and on crystal structure. The param-
eter n is quite high for open packed structures 
such as quartz (6.4), forsterite ( 4.8), and sim-
ple cubic compounds CsCI (4.8), TlCl (6.0), 
and NH,Cl (5.5). It is 4.19 for spinel, and 
ranges from 2 to 4 for the post-spinels and 
oxides. 
There is a suggestion that in a given crystal 
structure n and y decrease and ~ increases on 
iron substitution. This is particularly evident 
in the post-spine! group where forsterite is the 
sole exception. The zero-pressure density of the 
high-pressure form of forsterite is 37% greater 
than the starting density, compared with the 
20-23% density increases for fayalite and the 
dunites. Forsterite is apparently going to a 
different, denser phase than other olivine-rich 
materials; this is consistent with the lower n 
value. 
DrscussION OF INDIVIDUAL MATERIALS 
Figures 2 through 18 show the raw Hugoniot 
data (open circles); the computed metastable 
Hugoniots (heavy curves labeled PH), and the 
computed isotherms (heavy curves labeled PK) 
for the range of po indicated by the heavy bar 
above the P = 0 line; the zero-pressure den-
sity of the high-pressure phase satisfying f o = 
,0.0475 (shown as crosses); the range of meta-
stable Hugoniot's (shown as horizontal bars) 
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TABLE 5. Zero-Pressure Parameters for Raw and Metastable Hugoniot Data 
All solutions are for if; = 0.0475. 
M, 
Material grams 
Sample 
Density, 
g/cm3 
Theoret-
ical 
Density, 
g/cm3 
Low-P 
Phase <I>0, 
(km/sec)2 
Oxides 
Density, 
g/cm3 
High-P 
Phase 
Density, 
g/cm3 
High-P 
Phase Cl>o, 
(km/sec)2 
High-P 
Phase 
aK/aP 
Albitite 20. 4 
Anorthosite 21. 0 
Bronzitite 20. 7 
Corundum t 20 .40 
Diabase 21. 8 
(Centreville) 
Diabase 21. 5 
(Frederick) 
Dunite 21.2 
(Twin Sisters) 
Dunite 25.1 
(iron rich) 
Eclogitet 22.3 
Fayalite 29. 11 
Forsterite 20 .10 
Granite 20. 6 
Hematite 31. 94 
Magnetite 33. 08 
Periclase t 20. 20 
Pyrolucite 28. 98 
Quartz 20 . 03 
Spinel 20 . 32 
* Raw Hugoniot data. 
2.61 
2.75 
3.28 
3.83 
2.98 
3.02 
3.32 
3.79 
3.56 
4.28 
3.07 
2.63 
5.00 
5.12 
3.59 
4.35 
2.65 
3.42 
t No phase change assumed. 
3.99 
4.39 
3.21 
5.27 
5.21 
5.23 
2.65 
3.58 
calculated by McQueen et al. [1967a] and the 
range of p0 for the high-pressure phase (heavy 
bar below the P = 0 line) calculated by Mc-
Queen et al. [1967a]. Materials having the same 
crystal structure are discussed together. 
Periclase. This material has been tested by 
ultrasonic, X-ray, and shock-:wave techniques, 
and apparently it remains in the starting struc-
ture to at least 2llz Mb (Figure 2). The param-
eter (dK,/dP) 0 for MgO found by ultrasonic 
techniques at low-pressure [Anderson and 
Schreiber, 1965] is 3.92 for ceramic MgO and 
4.49 for single-crystal MgO. dKT/dP is less 
25 
30 
33 
63 
27 
27 
40 
33 
36 
26 
40 
22 
31 
31 
47 
14 
56 
3.85 
3.91 
4.08 
4.01 
4.08 
4.04 
. 4.64 
4.14 
5.29 
3.85 
4.07 
5.54 
4.29 
3.86 
3.70* 
3.75 
3.62* 
3.65 
3.70* 
3.77 
3.96* 
3.67* 
3. 71 
3.66* 
3.69 
3.98* 
3.98 
4.60* 
4.65 
3.47* 
5.12* 
5.14 
4.18* 
4.22 
3.87* 
3.93 
5.80* 
5.80 
6.01*, 
6.05 
3.63* 
5.04* 
5.09 
4.04* 
4.06 
4.00* 
4.01 
56* 
58 
48* 
49 
53* 
56 
68* 
45* 
46 
46* 
47 
62* 
62 
58* 
60 
35* 
51* 
51 
84* 
85 
62* 
72 
56* 
46 
56* 
60 
54* 
49* 
51 
75* 
75 
71* 
72 
3.75* 
2.43 
3.50* 
2.53 
2.82* 
2.34 
3.96* 
3.35* 
2.64 
3.13* 
2.51 
3.90* 
3.25 
3.32* 
2.60 
3.49* 
2.51* 
2.14 
3.12* 
1.91 
3.75* 
1.67 
2.61* 
2.27 
2.45* 
1.95 
3.95* 
2.62* 
2.14 
2.55* 
1.06 
3.47* 
2.95 
than 1 % higher. The X-ray results of Perez-
Albuerne and Drickamer [1965] give 3.27 for 
this parameter· from a Murnaghan fit to data 
to 350 kb. The raw Hugoniot data of McQueen 
et al. to 1258 kb give 3.92. The Hugoniot data 
of Al'tshuler et al. [1965] to 2600 kb give 3.65. 
The parameter dK/ dP remains constant with 
pressure in the Murnaghan equation of state 
and decreases with compression in the Birch-
Murnaghan equation of state. 
An alternative method of fitting the post-
phase change portion of a shock Hugoniot 
would be to adopt the n or ~ from a well de-
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TABLE 6. Birch and Birch-Murnaghan Parameters 
Compiled from 0. L. Anderson (personal communication), Drickamer et al. [1966], Mao [1967], and this 
paper. 
po, 
Material g/cm3 M 
Olivine 
Mg2SiO, 3.02 20.1 
Spin els 
Mg0·2.61 AbOa 3.62 20.1 
Fe1. &Mgo, 4Si04 4.60 27.3 
Fe2Sio, 4.85. 29.1 
NhSiO, 5.35 29.9 
Fe2FeO, 5.20 33.1 
Post-Spinelst 
Mg2Si04 4.22 20.1 
MgAhO, 4.01 20.3 
Dunite 3.98 21.2 
Dunite 4.65 25.1 
Fe2SiO, 5.14 29.1 
Fe2Fe04 6.05 33.1 
Oxides 
MgO 3.58 20.2 
FeO 5.75 34.5 
Si02t 4.28 20.0 
AhOa 3.99 20.4 
* Assumed. 
t From metastable Hugoniot. 
t Stishovite (4000°K isotherm). 
termined material, such as MgO, and deter-
mine Po and K 0 from the data. 
The zero-pressure bulk modulus determined 
from the shock-wave results is 1685 to 1950 kb 
for Po = 3.58 to 3.63 g/cm3, which can be 
compared with 1717 kb found by ultrasonic 
techniques .on polycrystalline MgO. 
Corundum and hematite. Both Al.Oa and 
Fe.Oa have been studied by static and shock 
compression. The Los Alamos group shocked 
single-crystal and cerap:iic corundum. There is 
a break in the U.-UP curve for single-crystal 
corundum that could indicate the beginning of 
a phase change, but the break is probably due 
to strength effects (T. J. Ahrens and R. G. 
McQueen, personal communications). The ce-
ramic data result in a fairly well defined Hu-
goniot (Figure 3) that extrapolates by the pres-
ent technique to a density of 3.96 g/cm3, which 
can be compared with the starting density 3.83 
g/cm3 and the theoretical density 3.99 g/cm3 • 
The zero-pressure bulk modulus of the high-
pressure data is 2693 kb using i/lo = 0.0498. 
Ko, <f>o, 
kb n (km/sec)2 
967 -0.6 4.8 2.2 32 
2000 -0.1 4.19 1.9 55 
1980 O* 4.00* 1.8 43 
2090 O* 4.00* 1.8 43 
2110 O* 4.00* 1.8 39 
1830 O* 4.00* 1.8 35 
87 +1.6 1.9 0.8 85 
887 +o.8 3.0 1.3 72 
2468 . +o.5 3.3 1.5 62 
2790 +LO 2.6 1.1 60 
2621 +1.4 2.1 0.9 51 
3630 +1.5 2.0 0.8 60 
1780 0 4.0 1.8 50 
1540 +o.5 3.4 1.5 27 
4622 +i.o 2.0 0.8 108 
2713 0 4.0 1.8 68 
Low-pressure ultrasonic data give a value of 
2521 kb 'for the adiabatic bulk modulus and an 
estimate of 2505 .kb for the isothermal bulk 
modulus. Within the accuracy of the X-ray 
diffraction studies of the ·lattice parameters of 
Al.Oa [Drickamer et al., 1966], the compres-
sibility is independe11t of pressure to 300 kb, 
but the rhombohedral angle increases by about 
1120. 
The hematite (Figure 4) goes through a 
phase change above 350 kb, the zero-pressure 
density of which is about 5.80 g/cm3, 10% 
denser than the theoretical density of the low-
pressure phase and about 16% denser than the 
original density of the starting mineral. In the 
X-ray work, the compressibility of Fe20a in-
creases with pressure to .220 kb, and the rhom-
bohedral angle decreases slightly. The bulk 
modulus of the high-pressure phase of hema-
tite is about 3250 kb. 
The cross on the zero-pressure abscissa of 
this and the following figures is the zero-pres-
sure density that satisfies i/lo = 0.0475. 
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Quartz-stishovite. The data of W ackerle 
[1962] for shocked quartz are shown in Figure 
5. The evidence for the high-pressure phase's 
being stishovite is summarized by M cQueen 
et al. [1963]. This is one of the few materials 
for which the zero-pressure density of the high-
pressure phase can be determined independently 
of the shock-wave data. Chao et al. [1962] de-
termined the density of stishovite to be 4.287 
g/cm3 • The zero-pressure density of the high-
pressure phase, presumably stishovite, found 
by the present technique is 4.06 g/cm". The 
scatter of the raw data is considerable, so that 
this is a severe test of the method. 
McQueen et al. [1963] estimated <Po of stisho-
vite to be 100 (km/sec) 2 for an assumed zero-
pressure density of 4.35 g/cm3 • The present 
estimate gives <Po = 75 (km/sec) 2 for po = 4.06 
g/cm3 , and <P0 = 91 (km/sec) 2 for p0 = 4.287 
g/cm". The latter values correspond to a zero-
pressure bulk modulus for stishovite of 3922 kb. 
Rutile. McQueen et al. [1967b] studied 
single-'crystal and polycrystalline Ti02 by shock-
wave and X-ray techniques. At zero pressure 
the low-pressure phase has tfo = +0.0440, much 
lower than the other materials discussed. If 
this value is conserved through the phase 
change, the high-pressure form has a zero-pres-
sure density of 5.71 g/cm" and a <Po of 116 
(km/sec) 2 • Because of the high quality of the 
starting material and because of the accuracy 
with which <Po of the low-pressure form is 
known, we prefer this value to the 5.38 g/cm3 
value determined with ifo = 0.0475. Assuming 
the slope of the phase line to be zero, M cQueen 
et al. [1967b] estimated a density of 5.8 g/cm8 
for the high-pressure phase. 
This remarkable 34% increase in density for 
an already closely packed, relatively incompres-
sible structure is interesting since the low-pres-
sure form of rutile was the model for Thom-
son's early suggestion [Birch, 1952] that quartz 
could transform at sufficiently high pressure 
to a rutile-like form (stishovite). There is, 
however, no evidence from shock-wave data 
for quartz for a phase change to a material 
denser than stishovite [Al'tshuler et al., 1965]. 
Spinel and magnetite. The spine! was a ce-
ramic material with density 3.41 g/cm8, com-
pared with the theoretical density of 3.581 
g/cm3• The magnetite samples were naturally 
occurring minerals with densities ranging from 
5 to 5.14 g/cm", compared with the theoretical 
density of single-crystal magnetite of 5.21 
g/cm". The metastable Hugoniot data indicate 
that spine! and magnetite undergo phase changes 
involving 12 and 16% increases in density, re-
spectively, referred to zero pressure. The raw 
Hugoniot data give density increases of 10 and 
13%, respectively. The metastable Hugoniot 
data give densities for the high-pressure forms 
of spine! and magnetite that are, respectively, 
2 and 7% denser than the oxides (Figures 6 
and 7). 
The zero-pressure densities estimated by 
extrapolating the metastable Hugoniot data 
for the high-pressure phases are 4.01 and 
6.05 g/ cma for spinel and magnetite .. The value 
of (p/M) (cI> 0- 11a) for the low-pressure forms of 
both spinel and magnetite is 0.0467. If this 
value is appropriate for the high-pressure phases, 
the inferred density will be raised by about 
0.04 g/cma. These values are 13% (spine!) and 
17% (magnetite) denser than the theoretical 
densities of the low-pressure phases that have 
the spinel structure and 4% (spinel) and 9% 
(magnetite) denser than the mixture of oxides. 
Fayalite and the dunites, which presumably 
collapse to a spine! structure at high static pres-
sure, apparently go directly to a phase, under 
shock loading, that has a density very near 
that of the component oxides. Forsterite, how-
ever, goes to a phase about 9% denser than the 
oxides and about 18% denser than the spinel 
form. 
The two light lines in Figure 6 are fits of 
the Murnaghan equation of state to the spine! 
data for two trial zero-pressure densities. They 
both satisfy the high-pressure data almost 
equally well. The range for Pn and PK corre-
spond to the range of po indicated at P = 0 
by the heavy bar above the zero-pressure axis. 
For po = 3.90 g/cm•, n = 4.049, and <Po = 55.6 
(km/sec)', the relative standard deviation in 
density is 0.6%. For po = 3.60 g/cm8, n = 5.26, 
and <P0 = 29.3 (km/sec) 2, the relative stand-
ard deviation in density is 0.5%. 
Pyrolusite. This was a naturally occurring 
specimen and seemed to be uniform, but there 
is appreciable scatter in the Hugoniot data 
(Figure 8). The sample density was 4.35 
g/cm3 , compared with the theor(;ltical density 
of 5.23 g/cm8 • Assuming no phase change, a 
long extrapolation of the high-pressure data to 
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o/o = 0.0475 gives a zero-pressure density of 
5.09 g/cm3 with a large uncertainty. Pyrolusite 
crystallizes in the rutile structure. 
Olivines. The fayalite is a naturally occur-
ring specimen from Rockport, Massachusetts; 
the purity is unknown. The forsterite is a syn-
thetic ceramic. Both undergo phase changes 
under shock loading. The raw Hugoniot data 
for the fayalite extrapolated to zero pressure 
give a density of 5.12 g/cm3 (Figure 10). The 
calculated metastable Hugoniot ~xtrapolates to 
5.14 g/cm3, just slightly less than the 5.29 g/cm" 
estimated for the density of the pure oxides 
FeO and SiO. (stishovite). This represents a 
17% increase in density over the theoretical 
density of fayalite in the low-pressure form. 
The density of the high-pressure phase of. 
the ceramic forsterite (Figure 9) is 4.22 g/cm", 
which is 0.37 g/cm" or 9.6% denser than the 
component oxides MgO plus Si02 (stishovite). 
It should be pointed out that the starting for-
sterite material is 4.4% less dense than theo-
retical, whereas the starting fayalite material 
is 2.5% less dense. If it is assumed that the 
difference is due to porosity, this would result 
in higher temperatures ·and lower densities in 
the forsterite experiment, if the high-pressure 
phases have the same crystal structure. 
Forsterite is anomalous when compared with 
results obtained with fayalite and the dunites, 
all of which end up near the density of the 
component oxides. Unfortunately, the data for 
forsterite are very sparse and the Hugoniot for 
the high-pressure phase is not well defined. In 
addition, there is some question about the 
identification of this material (R. G. McQueen, 
personal communication). 
The spinel form of forsterite has a density of 
about 3.54 g/cm", so that the high-pressure form 
is about 19% denser than the spinel form. This 
can be compared with the 13 and 17% density 
increases of spinel and magnetite which start in 
the spine! structure. The spinel form of fayalite 
has a density of about 4.85 g/cm", 5.6% less 
dense than the high-pressure shock phase. 
Dunites. These two rocks are over 90% 
olivine and transform at pressures above 0.45 
Mb. Results are comparable to the results of 
similar composition tested by Trunin et al. 
[1965]. The Twin Sisters dunite gives a zero-
pressure density, determined from the meta-
stable Hugoniot of the high-pressure phase, of 
3.98 g/cm"; the raw Huboniot data also yield 
3.98 g/cm". The high-pressure phase is about 
21 % denser than the starting material and has 
nearly the same density as the component 
oxides. 
The iron-rich dunite from the Transvaal con-
tains 90% by volume of Fa5s or 34 mole % 
FeO. The density of the high-pressure phase, 
from the metastable Hugoniot data, is 4.65 
g/cm", almost identical to the 4.64 g/cm" for the 
oxides. This density increase corresponds to a 
zero-pressure difference of 22.7%. If the original 
material was free of pores and cracks, the start-
ing densities would be perhaps 1 to 2% higher. 
Figure 11 shows the data for the Twin Sisters 
dunite and the fit, for two starting densities, of 
the Birch-Murnaghan equation of state to the 
high-pressure data. A wide range of starting 
densities would fit the high-pressure data equally 
well. 
The heavy horizontal bar below the P = 0 
line is the range of po found by the analysis of 
McQueen et al. [1967a]; the light horizontal 
bars indicate the range found for the corre-
sponding metastable Hugoniots. 
Diabase. The two diabase rocks give very 
similar results (Figures 12 and 13). M cQueen 
et al. [1967a] discuss the complications of in-
terpretation and point out the anamolous com-
pressibility of this material compared with 
others they tested. These rocks contain quite a 
bit of CaO, which, as an oxide, is more com-
pressible than the other common rock-forming 
oxides. The density of the high-pressure phase, 
computed as before,is about 3.7 g/cm" or about 
21 % denser than the starting 'material, and 
some 0.4 g/cm" less dense than the oxides. How-
ever, the presence of CaO also upsets the rela-
tionship between mean molar volume and elastic 
properties, as first pointed out by Simmons 
[1964]; CaO behaves as if it had a smaller 
mean atomic weight. Taking this into account 
would raise the estimated zero-pressure den-
sities of the high-pressure phase by about 0.1 
to 0.15 g/cm". 
There is very good agreement between the 
metastable Hugoniots calculated here and the 
more elaborate calculations of McQueen et al. 
[1967a]. 
Bronzitite. McQueen et al. [1967a] shocked 
two bronzitites that had nearly identical com-
positions. We analyzed the more complete set 
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of data from the Stillwater Complex, Montana 
(Figure 14). This rock contained 94% enstatite. 
2% olivine, and 4% horn bh~nde. The analysis 
b~T McQueen ct al. [JUClia~I yields zero-pressure 
values for density and <I> for the high-pressure 
phase that are Jess than the values for the low-
prcsi'nre phase. \Ve rlcterrnineJ a den:;;ity .of 3.77 
.g/crn:i for the higb-pressure phase, about J ·~%, 
densN than the starting material, and 7% less 
than the oxides. Spinel plus stiPhm·itc is abont 
17% denser than the correppomling rnagnesiurn-
rich enstatite. 
The dccompo1Sition ensfatite -7 forsterite + 
stishovite results in a density increase of about 
U%,. Tlle transformation enst.ati1c -7 garnet 
would result in 11 density increase of about 
fllh~Yo [lhngn'ood awl Jlf ajor, HlOl.l]. 
AUn~tite and a.northositc. These rocks contain 
more than DOS{, feldspar, and both undergo 
pha;.;e r.h:rnw'8 at rcbtiYely hncv pn;:-:sures iVhid1 
involve large vo1mne cl1~i.11ges. ThP comr111h:d 
zeru-prn::;.-:ure dc11:-:ity of the high-pr(:':.-;:'1tn· ph~t:-:(~ 
alhitite (Figun: 1 D), which is ~JS% by Yolnnu· 
fin1~ :n1d 2% actinolite, i~ 3.75 g 'cm\ a 43.7~;·~) 
increa.se over tlte siarti1lg dernsity. This is ~1.bo11t 
0.1 g/cm3 less densP than the rr111iYale11t pure 
oxides and nhont 0.'.2F) g/rm3 den.;;c'r than .indeitf: 
plus stishovite. ,Jadeite itself under.goes a phaS('. 
change above 0.55 l\1b f)i!cQuccn ct al., 19G7a], 
bnt, the density increase cannot he established 
with present data. 
The zero-prP;;;stire density of the unorthof'ite 
(Figure 1.5), whir.Ji is 90S:;) h~~ volurne fo]dsp:u 
(anw) and 10%i lJ~Toxene (an), is 3.65 g/crn3 • 
Thi;;i; repres(~llt.s a dens1ty 1nr.n~nse of :1hou1. 
82.7r;; oYcr tlw ~tarting m~teria.I nml i~ 0.20 
~/cm'1 Jess dense tlwn the oxides. 
Gra11ite. The gr:mite sample (Figure 17) was 
from \Yesterly, Rhode Islnnd., :rnd rontnined 
about 28% quarti, ~i.1% microcline, and 31 % 
phgioclase. The inforred z<~rn-presi'!lll'e den~i1y 
of the high-pressure phase is 3.9~~ g/cm:; or 
about. 49s;;, denser than the .sUirting m:1tPfrtl. 
This can be rnmp:ued v,·ith the 62%~ density 
incrense for the qu:iri z 1 o ,;;;:t.ishovitc trn11:-Jornrn-
t1nn, 44%) for a 1hitii e, arnl ~)W.'~, for anort.hosite, 
the l:1tter tin> being f Pldsp:u-rich rock,'<. App:1 r-
entl:v both 1 h<~ qnart:z nnd the fold.:'p~t rs in the 
grani1e lrnn' i r:·tnsfnrrnP.d to more densf' phns1~s. 
T!w high-pres..:;u re pha~e [t:'-'sr·mhl:1.gp in gr:rnik 
is ;)r;; fo::'s d<·Hi-=f-' tlrn11 the ptHf' oxid'""· 
Erlooif('. 1Ve ini.<~rpreted only the S11m1mnrc 1 
Xorwa.y, eclogite (Figure 18) initial density 
::ibout 3 .. 56 g/cm:'. l\IcQueen et al. believe that a. 
phnse change is indicated at ahont 0.37 Mb but 
that the high-pre~.:->nre data may hf~ ;.;till in the 
mixed phase region or that the phase eha11ge is 
second order rather thnn first order. The high-
11ressure dat:1, are clearly anomalous in that 
the inferred zero-pressure density and <Po are 
both less than for the luw-pressure phase. Con-
sequently, the high-pres::mre tbfa are prohab]y 
in the mixed ph~tse region and the estimated 
zero-pre,'Ssure par:tme1ers arn not usefnl for pres-
ent purposes. 
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